Multiply
By To obtain Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8×°C)+32
Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or micrograms per liter (µg/L). Values of stable isotopes of nitrogen and oxygen are given in per mil (‰).
Water year (WY) is the 12-month period, October 1 through September 30, and is designated by the calendar year in which it ends. Thus, the water year ending September 30, 2009, is called the "2009" water year. 
Abbreviations and Acronyms

Abstract
Anthropogenic organic compounds (AOCs) in drinkingwater sources commonly are derived from municipal, agricultural, and industrial wastewater sources, and are a concern for water-supply managers. A cooperative study between the city of Sioux Falls, S. Dak., and the U.S. Geological Survey was initiated in 2009 to (1) characterize the occurrence of anthropogenic organic compounds in the source waters (groundwater and surface water) to water supplies in the Sioux Falls area, (2) determine if the compounds detected in the source waters also are present in the finished water, and (3) identify probable sources of nitrate in the Big Sioux River Basin and determine if sources change seasonally or under different hydrologic conditions. This report presents analytical results of waterquality samples collected from source waters and finished waters in the Sioux Falls area.
The study approach included the collection of water samples from source and finished waters in the Sioux Falls area for the analyses of AOCs, nutrients, and nitrogen and oxygen isotopes in nitrate. Water-quality constituents monitored in this study were chosen to represent a variety of the contaminants known or suspected to occur within the Big Sioux River Basin, including pesticides, pharmaceuticals, sterols, household and industrial products, polycyclic aromatic hydrocarbons, antibiotics, and hormones. A total of 184 AOCs were monitored, of which 40 AOCs had relevant human-health benchmarks.
During 11 sampling visits, 45 AOCs (24 percent) were detected in at least one sample of source or finished water, and 13 AOCs were detected in at least 20 percent of all samples. Concentrations of detected AOCs were all less than 1 microgram per liter, except for two AOCs in multiple samples from the Big Sioux River, and one AOC in finished-water samples. Concentrations of AOCs were less than 0.1 microgram per liter in more than 75 percent of the detections. Nutrient concentrations varied seasonally in source-water samples from surface water and groundwater. In the Big Sioux River, nitrite plus nitrate concentrations were typically less than 1 milligram per liter as nitrogen, and reached a maximum of 4.06 milligrams per liter as nitrogen following a June 2010 storm. Nitrite plus nitrate concentrations in groundwater ranged from less than 0.1 to 0.701 milligram per liter as nitrogen.
Eight of the AOCs detected have a human-health benchmark that could be used to evaluate the concentrations in a human-health context. Four AOCs had maximum concentrations within an order of magnitude of the benchmark, indicating that additional monitoring of the compound may be warranted. Three herbicides (atrazine, metolachlor, and prometon) and one degradate (deethylatrazine) were detected in finished-water samples as frequently as in source-water samples. The concentrations of herbicides in source water varied by an order of magnitude from the period of peak use (early summer) to the winter months. Groundwater and finished-water concentrations of atrazine were similar for the six sampling dates when groundwater was the only source water used. Upstream wastewater discharges contributed a fairly small percentage of the flow to the Big Sioux River near Sioux Falls, but several AOCs associated with wastewater were frequently detected. The interpretation of all potential sources of nitrogen cannot be accomplished by use of nitrogen and oxygen isotopes in nitrate alone, but provides a qualitative indication that very little nitrate originates from excess fertilizer runoff, and most nitrate originates from municipal wastewater effluent, manure runoff (either from field application or feeding operations), or fertilizers mineralized by processes in the soil.
Introduction
Anthropogenic organic compounds (AOCs) in drinkingwater sources commonly are derived from municipal, agricultural, and industrial wastewater sources, and are a concern for water-supply managers. Recent studies have documented the occurrence of AOCs at very low concentrations in sourcewater supplies and in finished water (Kingsbury and others, 2008; Focazio and others, 2008) . Source water is defined as the raw water supply prior to treatment, and finished water is defined as water that has been through the treatment process just prior to distribution. Although some of the most commonly used and toxic AOCs are regulated, most are unregulated, and human-health effects from many AOCs are uncertain. A better understanding of the occurrence of AOCs in drinking-water sources is important for water-treatment planning and for characterizing how activities on the landscape affect the quality of drinking-water sources.
During 2000-08, the city of Sioux Falls, S. Dak., observed an increase in nitrate concentrations in source-water samples from the Big Sioux River (Tim Stefanich, city of Sioux Falls, written comm., 2009), prompting questions about the causes of this increase. Water managers identified a need to investigate potential contaminant origins when peaks in nitrate concentrations occur in source water. AOCs may provide insight on the type of sources that lead to peak concentrations of regulated contaminants such as nitrate in public-water supplies. A cooperative study between the city of Sioux Falls and the U.S. Geological Survey (USGS) was initiated in 2009 to (1) characterize the occurrence of AOCs in source waters (groundwater and surface water) to water supplies in the Sioux Falls area, (2) determine if the compounds found in the source waters also are present in the finished water, and (3) identify probable sources of nitrate in the Big Sioux River Basin and determine if sources change seasonally or under different hydrologic conditions.
Purpose and Scope
This report presents analytical results of water-quality samples collected from source waters (groundwater and surface water) and finished water in the Sioux Falls area. Samples for analysis of AOCs and nutrients were collected on 11 days spaced monthly or bi-monthly between June 2009 and August 2010. On each sampling date, source-water samples were collected from one groundwater site, one surface-water site, or both sites depending on the source(s) to water supplies at the time of sampling; finished-water samples were collected from one site. Characterization of analytical results includes comparison of source-water occurrence to finished-water occurrence on the same day, temporal trends at each site during 2009-10, comparison of the detected concentrations to relevant benchmark standards, and evaluation of potential sources of water-quality constituents during different seasons or hydrologic conditions. This report is not intended to assess the efficacy of the water-treatment plant process for removal of organic compounds.
Description of Study Area
The Big Sioux River Basin ( fig. 1) Geological Survey, 2011) . A diversion dam for flood control on the Big Sioux River near the northern edge of Sioux Falls allows the flow of the Big Sioux River to be partially routed through the diversion channel ( fig. 1 ).
Hydrologic Conditions
The 2009-10 water-quality sampling period represented two extremes in terms of the prevailing hydrologic conditions. Water year (October 1, 2008 , to September 30, 2009 was the driest year of the decade (table 1) for the Sioux Falls area, whereas water year 2010 had the most precipitation (43.1 inches (in.)) in the 120-year period of record (National Oceanic and Atmospheric Administration, 2000-10) . In 2010, mean annual streamflow at USGS streamgage 06482020 (1,938 ft 3 /s) was almost four times greater than the previous year (509 ft 3 /s) (U.S. Geological Survey, 2011). Maximum streamflow in the Big Sioux River Basin typically occurs in early spring as a result of snowmelt, when flooding conditions are frequent. Streamflow gradually decreases from summer until the following spring. Nearly two-thirds of the average yearly precipitation falls during the growing season of April through August, and thunderstorms are frequent during the late spring and summer with June and July the most active months (National Oceanic and Atmospheric Administration, 2000-10). October 2009 was an unusually wet month, with more than 5.5 in. of precipitation that caused a sustained increase in fall streamflow in the Big Sioux River ( fig. 2) . From June to August 2010, frequent intense thunderstorms maintained streamflow at more than 1,000 ft 3 /s, typical of spring snowmelt conditions but uncommon for mid-summer streamflow in the Big Sioux River near Sioux Falls. June 2010 had 4 days with more than an inch of precipitation (total of 7.8 in. for June), July had two separate storms that produced more than 2 in. each day (total of 8.6 in. for July), and August had two separate storms with more than 1.5 in. of precipitation (total of 6.3 in. for August). Changes in groundwater levels in the Big Sioux aquifer at USGS monitoring well 433726096444501 correspond to changes in streamflow in the Big Sioux River ( fig. 2; 
Land Use and Wastewater Discharge
Agricultural activities are extensive throughout the Big Sioux River Basin, and the largest cities in the basin have developed along the Big Sioux River, contributing urban runoff and wastewater effluent discharges. About 60 percent of the drainage basin is used for cultivated crops ( fig. 3) , and other agricultural activities in the basin include livestock and concentrated animal-feeding operations (Homer and others, 2004) . Crops grown in the basin include predominantly corn, soybeans, wheat, and alfalfa; livestock raised in the basin primarily include dairy cattle, beef cattle, and hogs (Lawrence and Sando, 1991) .
Sioux Falls is the largest city in South Dakota, and its population increased from 124,000 in 2000 to 154,000 in 2010 (U.S. Census Bureau, 2011). Brookings and Watertown (the 4th and 5th largest cities in the State, respectively) are upstream in the basin and discharge treated wastewater effluent to the Big Sioux River. During low-flow periods, the wastewater discharges for Watertown can account for more than 75 percent of the Big Sioux River streamflow for several miles downstream, and the wastewater discharges for Brookings can account for more than 25 percent of the Big Sioux River streamflow for several miles downstream (Sando and others, 2005) . Other communities between Watertown and Sioux Falls contribute smaller intermittent wastewater discharges to the Big Sioux River from lagoons or holding ponds. During this study , total wastewater discharges accounted for less than 23 percent of the flow in the Big Sioux River near Watertown, less than 15 percent of the flow near Brookings, and less than 10 percent of the flow near Dell Rapids (Mike Boerger, city of Watertown, written comm., 2011; Eric Witt, Brookings Municipal Utilities, written comm., 2011; U.S. Environmental Protection Agency, 2011c; U.S. Geological Survey, 2011). For the summer months (JuneAugust), upstream wastewater discharges averaged 3.5 percent of the flow near Dell Rapids in 2009 and 0.8 percent of the flow in 2010.
Hydrogeology
Major aquifers in the Sioux Falls area ( fig. 4) are described in this section of the report. Additional aquifers in the Sioux Falls area are described in Lindgren and Niehus (1992) . Glacial outwash deposits along the Big Sioux River and its tributaries underlie much of the Big Sioux River Basin and are the major source of groundwater in the basin (Lawrence and Sando, 1991) . Outwash deposits include the various units that contain the Big Sioux aquifer, which is one of the more extensively developed glacial aquifers in South Dakota, the Skunk Creek aquifer, and several other glacial aquifers. The outwash deposits consist of cross-bedded gravel, sand, and silt that range in thickness from a few feet to about 200 feet (ft) and range in depth below land surface from about 1 to 100 ft (Lawrence and Sando, 1991 
Source-Water Usage
Sources of groundwater used for water supplies in the Sioux Falls area include collection galleries or production wells completed in the shallow glacial or bedrock aquifers to the north and northwest of Sioux Falls (fig. 4 ). The city of Sioux Falls currently (2011) uses groundwater as its primary water source year-round (City of Sioux Falls, 2011) and supplements the supply with surface water from the Big Sioux River only during periods of increased demand (typically in the summer months). For days when the source water was blended in 2009-10, groundwater typically made up about two-thirds of the supply with water from the Big Sioux River making up the difference. Water from the Big Sioux aquifer accounted for nearly 90 percent of the groundwater pumped for public supply in 2009-10 and about 80 percent of the total water supply in the same period. Water from the Skunk Creek aquifer ( fig. 4 ) made up about 10 percent of the groundwater supply in 2009-10, and water from the Split Rock Creek aquifer accounted for less than 1 percent of the groundwater supply in the same period. The Big Sioux River accounted for about 18 percent of the total water supply in 2009 but made up less than 3 percent of the total in 2010 because of a decreased demand during a very wet year (table 1). Usage of the surfacewater source was higher in earlier years, such as 2008 when nearly 37 percent of the water supply came from the Big Sioux River. Sando and others (2006) characterized the occurrence of compounds commonly associated with wastewater effluent in the finished water, wastewater effluent, and the Big Sioux River near Sioux Falls. During that study, only one AOC (the herbicide metolachlor) was detected in finished water at a concentration greater than laboratory reporting levels. Several other AOCs (primarily agricultural herbicides, pharmaceuticals, and wastewater compounds) were detected in samples from the Big Sioux River (USGS site 433600096442400, fig. 1 ). Sando and others (2005) 
Previous Investigations
Methods of Study
The study approach included the collection of water samples from source and finished water in the Sioux Falls area for the analyses of AOCs, nutrients, and nitrogen and oxygen isotopes in nitrate. Fifteen samples of source water and 11 samples of finished water were collected over a range of hydrologic conditions during an 18-month period (table 2). This section of the report describes the sampling sites, sample collection and analysis methods, and associated laboratory and field quality assurance/quality control used in this study.
Water-quality constituents monitored in this study were selected to represent a wide range of the compounds known or suspected to occur within the Big Sioux River Basin. These include AOCs and selected nutrients that may have anthropogenic and natural origins. Stable isotopes of nitrogen and oxygen in nitrate also were used to help identify probable sources of nitrate. In addition, selected physical properties were measured.
Sampling Sites
Two source-water sites and one finished-water site were sampled during this study ( fig. 1) . One source-water site was the Big Sioux River (USGS site 433600096442400) at an intake just upstream from the diversion dam. The other source-water site (USGS site 433421096434401) was blended groundwater from multiple wells and collection galleries producing from the Big Sioux, Skunk Creek, and Split Rock Creek aquifers (fig. 4) . Contributions of individual wells and galleries to the blended groundwater samples were not determined. Finished water (USGS site 433419096434200) was collected from a water line following water treatment but prior to distribution. During periods of high demand, surface water from the Big Sioux River undergoes a high-rate clarification process prior to blending with the raw groundwater. After blending, the water-treatment process is the same regardless of the presence of surface water, which includes conventional lime softening, re-carbonation, filtration, fluoridation, and disinfection and uses granular and powdered activated carbon in separate treatment steps (City of Sioux Falls, 2011) . The treatment process is not designed to remove trace organic compounds.
Collection, Processing, and Analysis of Water Samples
Water-quality and isotope samples were collected according to standard USGS procedures (U.S. Geological Survey, variously dated; U.S. Geological Survey, Reston Stable Isotope Laboratory, 2008). All samples of raw groundwater and finished water were collected directly from flowing water lines. Raw surface water from the Big Sioux River was collected from a flowing water line when this source was being used for water supply. For sampling dates when the Big Sioux River was not being used as a source for water supply, samples were collected directly from the river using depthintegrating techniques at the screened intake along the bank just upstream from the diversion dam. Sample-collection techniques follow procedures described in detail in chapters A4 and A5 of the USGS National Water-Quality Field Manual (U.S. Geological Survey, variously dated). Equipment used in the collection and processing of samples analyzed for AOCs were composed of Teflon ® , baked amber glass, high-density polyethylene (HDPE) plastic, or stainless steel and were rigorously cleaned according to standard USGS procedures. Equipment used in the collection and processing of samples analyzed for nutrients or stable isotopes of nitrogen and oxygen were composed of Teflon ® , HDPE, or stainless steel. For all AOC laboratory analyses of finished water, samples were preserved with ascorbic acid or sodium thiosulfate to prevent degradation of organic compounds in the presence of free chlorine (U.S. Environmental Protection Agency, 2011a; Valder and others, 2008) .
Samples for analyses of selected AOCs were filtered in the field using a 142-millimeter diameter stainless steel plate-filter assembly with 0.7-micrometer nominal pore size glass-fiber filter media and a valveless ceramic-piston pump. Samples for the analyses of nutrients and stable isotopes were filtered using a 0.45-micrometer pore size HDPE capsule filters and a peristaltic pump. Stable-isotope samples were further filtered using 0.2-micrometer pore size cellulose acetate membrane filters. Following collection and processing of samples for analyses of AOCs, nutrients, and stable isotopes, samples were packaged, placed on ice, and shipped to respective laboratories for analyses. Information on the measurement, laboratory analyses, and applicable humanhealth benchmarks of the constituents analyzed for this study follow.
Physical Properties
Physical properties of pH, specific conductance, water temperature, and dissolved oxygen were measured continuously during the spring and summer months from March 2009 to September 2010 at USGS streamgage 06481000 using an in-situ multi-parameter sonde according to standard USGS procedures (Wagner and others, 2006) . The physical properties also were measured in the samples of source water and finished water on each sampling date using a multi-parameter sonde and flow-through chamber (U.S. Geological Survey, variously dated).
Anthropogenic Organic Compounds
Organic compounds that are derived from anthropogenic sources (such as wastewater discharges or agricultural runoff) and found in water samples can be used to infer potential sources of contaminants from a drainage basin. Samples were analyzed for 184 AOCs, including 16 compounds analyzed by multiple analytical methods. The compounds listed in appendix 1 are organized by an analytical method number, which generally contains similar compounds in terms of their typical source or use.
Analytical method 1 includes 64 major agricultural herbicides, insecticides, and selected degradates, including three major herbicides (atrazine, metolachlor, and acetochlor) widely used in the Big Sioux River Basin upstream from Sioux Falls (U.S. Department of Agriculture, 2012). Laboratory analyses for this method were performed at the USGS National Water Quality Laboratory (NWQL) in Lakewood, Colo., using solid-phase extraction (SPE) columns that contain octadecyl-bonded porous silica to extract the analytes. The columns are dried by using nitrogen gas, and adsorbed analytes are eluted with ethyl acetate. Extracted analytes are determined by capillary-column gas chromatography/ mass spectrometry (Sandstrom and others, 2001; Madsen and others, 2002) .
Analytical method 2 includes 14 pharmaceuticals predominantly used by humans and that can be found in municipal wastewater discharges. Laboratory analyses for this method were conducted at NWQL using a chemically modified styrene-divinylbenzene resin-based SPE cartridge for analyte isolation and concentration, followed by a highperformance liquid chromatography/mass spectrometry system to separate the pharmaceuticals of interest from each other and coextracted material (Furlong and others, 2008) .
Analytical method 3 includes 69 compounds from a broad range of sources including those typically found in wastewater effluents (sterol compounds and household and industrial products), agricultural runoff (herbicides and insecticides), and urban runoff (polycyclic aromatic hydrocarbons). Laboratory analyses of compounds in analytical method 3 were conducted at NWQL using extraction with continuous liquid-liquid extractors and methylene chloride solvent and then determined by capillary-column gas chromatography/ mass spectrometry (Zaugg and others, 2006) .
Analytical method 4 includes 33 human and veterinary antibiotics and degradates that can be found in human and animal wastes. Laboratory analyses of compounds in analytical method 4 were conducted at the USGS Kansas Organic Geochemistry Research Laboratory (OGRL) in Lawrence, Kans., using automated SPE and liquid chromatography/ tandem mass spectrometry (Meyer and others, 2007) .
Analytical method 5 includes 16 steroid hormones produced by warm-blooded animals and 4 other compounds that can be found in wastewater discharges or animal wastes. Laboratory analysis for analytical method 5 is currently (2011) under development at NWQL; an expanded method description is provided in appendix 2. Analytical methods 3 and 5 were performed on unfiltered samples, whereas all others were performed on field-filtered samples.
AOC concentrations detected below the lowest daily standard, or for information-rich methods, concentrations detected below the long-term method detection level (LT-MDL), are reported as estimated concentrations (Childress and others, 1999) , coded with an "E" preceding the concentration. The laboratory reporting level (LRL) generally is equal to twice the yearly determined LT-MDL (Childress and others, 1999) . The LT-MDL is a detection level derived by determining the standard deviation or a minimum of 24 method detection level spike-sample measurements throughout an extended time. The LT-MDL data are collected on a continuous basis to assess year-to-year variations in the LT-MDL. The chance of falsely reporting a concentration at or greater than the LT-MDL for a sample that did not contain the analyte is predicted to be less than or equal to 1 percent (Childress and others, 1999) . Also, at low concentrations, especially concentrations less than the LRL, the variability of detection is high, false negatives are more likely, and greater variability in reported concentrations is expected (Martin, 2002) . Results for analytical methods 1 and 3 also contain concentrations reported as "M," which indicates the presence of the compound was verified but not quantified. In most cases, results coded as "M" were detected at concentrations less than the LT-MDL and do not round to the LT-MDL using the significant figures signified by the LRL. The reporting of these data is subject to the discretion of the laboratory analyst (David Mueller, U.S. Geological Survey, written comm., 2011). Concentrations are reported as less than the LRL when the compound was not detected.
Appendix 1 also lists relevant U.S. Environmental Protection Agency (USEPA) Maximum Contaminant Levels (MCLs) and USGS Health-Based Screening Levels (HBSLs). The HBSLs are benchmark concentrations of contaminants in water that may be of potential concern for human health, if exceeded. The HBSLs are non-enforceable benchmarks developed by the USGS in collaboration with the USEPA and others using (1) USEPA Office of Water methodologies for establishing drinking-water guidelines, and (2) the most recent USEPA peer-reviewed, publicly available humanhealth toxicity information (Toccalino, 2007) . MCLs are available for 8 AOCs, HBSLs are available for 32 AOCs, and no applicable water-quality benchmarks are available for the remaining 144 AOCs.
Nutrients and Nitrogen and Oxygen Isotope Ratios in Nitrate
Selected nutrients (nitrate, nitrite, ammonia, and orthophosphate) were used to examine the variability of potential contaminant sources to the water supply in the Sioux Falls area. Nitrate originates from a variety of anthropogenic and natural sources, including wastewater, synthetic fertilizers, animal wastes, explosives, and decomposing organic matter (Clark and Fritz, 1997) . In standard analytical techniques, nitrate and its intermediate transformation species, nitrite, are measured together. Concentrations of nitrite plus nitrate (NO 2 +NO 3 ) in finished water are regulated by the USEPA MCL of 10 milligrams per liter as nitrogen (mg/L as N). NO 2 +NO 3 concentrations greater than 10 mg/L as N may be injurious when used in feeding infants (U.S. Environmental Protection Agency, 2009). Ammonia and orthophosphate were used as supplementary measures of nutrient enrichment in the source water. Samples were analyzed for nutrients at NWQL using standard methods (Fishman, 1993) . City of Sioux Falls personnel assisted in the collection of five source-water samples for nutrients and nitrogen and oxygen isotope ratios in nitrate following short-duration storms when USGS personnel could not collect samples. Laboratory analyses of NO 2 +NO 3 for these samples were performed by the City of Sioux Falls Purification Plant Laboratory using ion chromatography according to standard methods (American Public Health Association, 2005 (Clark and Fritz, 1997) . Stable isotope ratios are expressed in "delta notation," which compares the ratio between the heavy and light isotopes of a sample to that of a reference standard. Delta values are expressed as a difference, in parts per thousand, or per mil (‰), from the value reference standard. The nitrogen isotope ratio (δ 15 N) of a sample written in delta notation is:
(1) (Clark and Fritz, 1997) . Biologically formed nitrate generally is depleted in 18 O because only one oxygen atom comes from atmospheric oxygen with the remaining two molecules coming from water (Hollocher, 1984) 
Quality Assurance / Quality Control
Quality-control samples were collected to identify possible cases of random or systemic errors in the field sampling, shipping, and laboratory analyses. Field-equipment blank samples and sequential replicate samples were used to determine the potential for sample contamination. Environmental matrix spike samples were used to monitor the performance of a given analytical method for a specific environmental matrix.
Field-equipment blank samples were collected at sites used for collection of environmental samples by passing analyte-free water through the collection and processing equipment used for the environmental samples and by using procedures identical to those used to collect and process the environmental samples. Constituent concentrations less than the minimum reporting level (MRL) in field-equipment blank samples indicate that the overall process of sample collection, processing, and laboratory analysis was free of substantial contamination. The MRL is the lowest measured concentration of a constituent that may be reliably reported from the use of a given analytical method (Timme, 1995) . Sporadic, infrequent detections at concentrations near the MRL probably represent contamination from sample collection, processing, or shipping that is not likely to cause bias in the study results. Consistent detections in the field-equipment blank samples at concentrations within the range of concentrations in the environmental samples indicate that environmental concentrations need to be qualified or omitted from study results.
Field-equipment blank samples were collected with 5 of the 26 environmental samples. Four different compounds were detected, all analyzed by analytical method 3. Two compounds-bis(2-ethylhexyl) phthalate (DEHP) and triphenyl phosphate-were detected in the groundwater blank sample collected on November 4, 2009. Triphenyl phosphate was not detected in the corresponding environmental sample, but the DEHP detection in the corresponding environmental sample was censored from additional statistical analyses; analytical results that were censored were removed from the dataset. The compound 4-nonylphenol was detected in the surface-water blank sample on January 4, 2010 (but was not detected in the corresponding environmental sample), and isophorone was detected in both finished-water blank samples on June 30, 2009, and November 4, 2009 . On the basis of previous quality-control results (Sandstrom and Delzer, 2007) , the compounds benzophenone, isophorone, and 4-nonylphenol were censored in all finished-water environmental samples because of systematic contamination with the dechlorination reagent and pH buffer used in these samples.
Precision of analytical results for field replicate samples may be affected by numerous sources of potential variability in field and laboratory processes, including sample collection, sample processing and handling, and laboratory preparation and analysis. Analyses of field replicate samples, therefore, can indicate the reproducibility of environmental data and provide information on the variability associated with sample collection and analysis. One field replicate sample was analyzed for nutrients (15 environmental samples), and all relative percent differences (difference in concentration divided by mean concentration for the environmental/replicate pair) were less than 1 percent.
Environmental matrix spike samples consist of replicate samples that are collected and processed identically to the primary environmental sample but are fortified with known concentrations of method analytes at the laboratory. Concentrations of the method analytes in the primary environmental samples and matrix spikes are determined, and the ambient concentrations in the primary environmental sample are subtracted from the matrix-spike concentrations. The resulting concentrations are compared to the expected concentrations to calculate the percent recoveries for the method analytes using the following equation: If C unspiked is less than the LRL, a value of zero is used for this concentration. Recoveries less than 100 percent indicate loss (or transformation) of the target analyte during the sampleprocessing period, and recoveries greater than 100 percent indicate gain of the target analyte. The satisfactory range of median percent recoveries for environmental matrix spike samples typically is between 50-120 percent (Sando and others, 2006). Matrix spike samples were collected with 5 of the 26 environmental samples. Percent recoveries for all matrix spike samples are shown in appendix 3. Recovery results indicated limited potential for loss or gain of target analytes during the field and laboratory processing for 85 percent of compounds, and no adjustment of analyte concentrations was made on the basis of unsatisfactory percent recoveries. For analytical method 1, five compounds had median percent recoveries less than 50 percent, 9 compounds had median recoveries greater than 120 percent, and the remaining 50 compounds had median percent recoveries within the satisfactory range. Median percent recoveries were less than 50 percent for 2 of the 14 analytes in analytical method 2 and for 9 of the 69 analytes in analytical method 3. Six analytes in analytical method 4 had median percent recoveries greater than 120 percent. All matrix recoveries were satisfactory for analytical method 5.
Occurrence of Anthropogenic Organic Compounds and Nutrients
Water-quality results are presented in separate sections for AOCs and nutrients. The occurrence of AOCs is presented according to the sampling sites (surface-water source, groundwater source, and finished water). The occurrence of nutrients is presented for source-water samples (not collected for finished water) and includes ratios of nitrogen and oxygen isotopes in nitrate. For brevity, sampling sites for the Big Sioux River, blended groundwater from multiple wells and collection galleries, and finished water (USGS sites 433600096442400, 433421096434401, and 433419096434200, respectively) will be referred to as the Big Sioux River, groundwater, and finished-water sites for the remainder of this report.
Physical Properties
The physical water-quality properties of pH, specific conductance, water temperature, and dissolved oxygen provide an initial characterization of water quality. The daily mean water temperature and specific conductance collected continuously from March 2009 to September 2010 at the Big Sioux River near Dell Rapids (USGS streamgage 06481000; U.S. Geological Survey, 2011), which is upstream from Sioux Falls (inset map in fig. 1 ), are shown on figure 5. Data for the physical water-quality properties for samples collected at source-water and finished-water sites are presented in appendix 4. Large increases in specific conductance indicate an increase in the dissolved solids concentration, which may correlate positively with concentrations of certain nutrients and AOCs associated with the same sources as the dissolved solids. Specific conductance and streamflow usually are inversely related in the Big Sioux River. Immediately following precipitation events in the Big Sioux River Basin, specific conductance typically decreases as a result of the precipitation with low dissolved solids entering the rivers. Shortly after the June 9 and August 24, 2010, sampling dates, prolonged rainfall events caused a rise in streamflow and groundwater levels ( fig. 2) , and the dilution of dissolved solids because of the precipitation is shown by the decrease in specific conductance following these sampling dates ( fig. 5) . Commonly, this decrease in specific conductance is followed by an increase during the subsequent weeks as the rainwater is replaced by surface runoff that has traveled farther distances from the river and contains various contaminants and dissolved solids accumulated along the way. Groundwater discharge into the river also could increase the specific conductance following storms, as groundwater with higher values of specific conductance mix with the snowmelt or runoff with lower values of specific conductance. For example, in the month following the snowmelt sample on March 25, 2010, specific conductance increased as the streamflows decreased (figs. 2 and 5). Water temperature typically follows the same pattern as specific conductance in the spring and summer because precipitation commonly is cooler than the antecedent river temperature. Other than the March 25, 2010, snowmelt sample, samples were collected from the Big Sioux River during base-flow conditions (fig. 2) ; no samples were representative of the conditions following spring and summer rainfall events when the probability of detecting higher concentrations of surfacerunoff contaminants (such as pesticides) is greater.
Anthropogenic Organic Compounds
The occurrence of AOCs is characterized separately for the Big Sioux River (source water), groundwater (source water), and finished water. The AOC concentrations for all samples are presented in appendix 4. Data that were censored because of potential contamination as indicated by qualityassurance samples were removed from the dataset and coded with a "C" in appendix 4. Data for all 184 AOCs are not available for every sample collected because a few bottles were broken during shipment to the laboratory and because some constituents were not analyzed in some samples because of laboratory quality-assurance issues. For the 184 AOCs analyzed, 45 compounds (24 percent) were detected in at least one sample of source or finished water (appendix 4), and 13 compounds were detected in at least 20 percent of all samples (table 3) . Concentrations of AOCs detected were all less than 1 microgram per liter (µg/L), except for cholesterol and beta-sitosterol concentrations in the Big Sioux River, and one detection of DEHP in finished water. More than 75 percent of the detections of AOCs were at concentrations less than 0.1 µg/L. Concentrations coded as "M" in appendix 4 and table 3 indicate the presence of the analyte was verified but at a concentration less than reporting levels and could not be quantified.
To aid in evaluating water-quality data in the context of human health, benchmark quotient (BQ) values were calculated (Toccalino, 2007) . A BQ value is the ratio of a measured concentration of a detected compound to its MCL or HBSL (BQ values cannot be calculated for compounds without a relevant human-health benchmark). For this study, the maximum concentration detected for each compound was used to calculate this ratio, called BQmax. A BQmax value greater than or equal to 0.1 (within an order of magnitude of the benchmark) was used to identify compounds that may merit additional study and to provide an early indication of contaminant concentrations of potential human-health concern.
Big Sioux River
Eight source-water samples were collected from the Big Sioux River. A total of 33 different AOCs were detected in at least one sample from the Big Sioux River (appendix 4), and 20 compounds were detected in at least 20 percent of the samples (table 3) . Five compounds (atrazine, cholesterol, deethylatrazine, metolachlor, and prometon) were detected in every sample. For atrazine, the maximum concentration was about an order of magnitude less than its benchmark standard (table 3) . Maximum concentrations of metolachlor and prometon were about four orders of magnitude less than benchmark standards (table 3) 
Groundwater
Seven source-water samples were collected from groundwater. A total of 30 different AOCs were detected in at least one groundwater sample (appendix 4), and 14 compounds were detected in at least 20 percent of groundwater samples (table 3) . The same four herbicides or degradates detected in all Big Sioux River samples (atrazine, deethylatrazine, 
Pesticides and degradates
2-Ethyl-6-methylaniline 
Finished Water
Eleven finished-water samples were collected. A total of 14 AOCs were detected in at least one finished-water sample (appendix 4), and 9 compounds were detected in at least 20 percent of samples (table 3) . The disinfection byproduct bromoform was detected in every finished-water sample, along with the herbicides atrazine and prometon. Bromoform concentrations ranged from 0.6 to 0.8 µg/L, which were much less than the MCL of 80 µg/L for total trihalomethanes (including bromoform). Atrazine concentrations in finished water were similar to those in groundwater (the dominant source water), ranging from 0.008-0.045 µg/L. Similar to the source-water concentrations, prometon concentrations in finished water were 0.01 µg/L or less. The relatively high concentration of DEHP in finished water on November 4, 2009 (3 µg/L) occurred on the same day the compound was detected in both the groundwater and blank sample associated with the groundwater sample. The DEHP concentration in the groundwater sample was not high enough to be quantified and was censored in appendix 4 because of the detection in the blank sample. The concentration in the groundwater blank sample was at a similar concentration (2 µg/L) as the finished-water sample. DEHP was detected in three other source-water samples and was not detected in the blank sample associated with the finished-water sample.
Nutrients
Nutrient samples were collected only at source-water sites (Big Sioux River and groundwater). Concentrations of nutrients and nitrogen and oxygen isotope ratios in nitrate for the source-water samples are presented in table 4. Nutrient concentrations varied seasonally in samples from the Big Sioux River and groundwater. The NO 2 +NO 3 concentrations generally were lower in groundwater than the Big Sioux River, but ammonia concentrations typically were higher in groundwater than in the Big Sioux River. The NO 2 +NO 3 concentrations in the Big Sioux River were lower in 2009-10 than in previous years (Tim Stefanich, city of Sioux Falls, written comm., 2010), and were always less than one-half of the MCL for drinking water (10 mg/L as N). In the Big Sioux River, NO 2 +NO 3 concentrations were typically less than 1 mg/L as N for the 
Implications of Occurrence
Eight compounds were detected that have a human-health benchmark (USEPA MCL or USGS HBSL) that can be used to evaluate the concentrations in a human-health context. A plot of the BQmax for these compounds ( fig. 8) shows no detections were at concentrations greater than relevant benchmarks (BQmax values were all less than 1). Four compounds had BQmax values greater than 0.1 (within an order of magnitude of the benchmark), indicating that additional monitoring of the compound may be warranted. Atrazine was detected at a maximum concentration of 0.35 µg/L (BQmax = 0.12) in the Big Sioux River, but BQmax values in groundwater and finished-water samples were less than 0.03. The occurrence of atrazine is not uncommon, as atrazine was detected in all samples at all sites during this study, and was detected in more than 50 percent of Big Sioux River samples during 2001-04 with a higher LRL (0.5 µg/L; Sando and others, 2006) than those used during this study (0.007 and 0.2 µg/L). Acetochlor had a BQmax value greater than 0.1 in Big Sioux River samples, but the BQmax value in finished water was two orders of magnitude less than the benchmark. Acetochlor was detected in 75 percent of the Big Sioux River samples, but in only 14 percent of the groundwater samples, indicating a more sporadic occurrence trend. Pentachlorophenol was detected in one of five samples in the Big Sioux River (BQmax = 0.23), but was not detected in any sample of groundwater or finished water (three additional laboratory analyses of pentachlorophenol in the Big Sioux River were censored because of laboratory quality-control data). Pentachlorophenol was not detected in samples from the Big Sioux River and finished water in 2001-04, but was detected in two of six wastewater treatmentplant effluent samples (Sando and others, 2006) . The plasticizer DEHP had the greatest BQmax value of any AOC (0.5) in finished water, but was not detected in any of the other eight finished-water samples and was detected in only 25 percent of the source-water samples. The compound was detected at a similar frequency (20 percent) in the Big Sioux River in 2001-04, and was detected at high concentrations (greater than 5 µg/L) in samples of wastewater effluent (Sando and others, 2006). Although it is plausible that the finished-water detection represents the presence of DEHP, this detection is somewhat uncertain on the basis of the concentration (2 µg/L) in one of the four blank samples. Three herbicides (atrazine, metolachlor, and prometon) and one degradate (deethylatrazine) were detected in finished water as frequently as in source water (table 3) . The occurrence of herbicides in surface water for drainage basins with predominantly agricultural land use is not uncommon. Atrazine and metolachlor are two of the most heavily used agricultural herbicides in the United States with much of the use for corn production, and prometon has considerable use for weed control in areas not associated with agriculture such as on turf-grass, lawns, and roadsides (Gilliom and others, 2006) . Previous studies indicate that the herbicide degradates (such as deethylatrazine) typically occur with their parent compounds at concentrations similar to or greater than concentrations of their parent compounds (Gilliom and others, 2006; Kingsbury and others, 2008) , but not all potential degradates of atrazine, metolachlor, and prometon were analyzed as part of this study. The concentrations of herbicides in source water can vary by an order of magnitude from the period of peak application (early summer) to the winter months ( fig. 9 ).
Chemical properties help explain the co-occurrence of certain AOCs in the Big Sioux River, groundwater, and finished water. The shallow setting of the Big Sioux aquifer provides a potential contaminant pathway to transport surface contaminants into the groundwater source because the Big Sioux River is hydraulically connected to the underlying aquifer in many areas. Atrazine, metolachlor, and prometon can be highly mobile in sandy soils and aquifers (Gilliom and others, 2006) . Atrazine can remain in the environment for periods beyond the growing season when it was applied, with a half-life of about 60 days in the topsoil and substantially longer in the subsurface and aquatic environment (Christensen and Ziegler, 1998) . These herbicides (along with acetochlor) have log octanol-water partitioning coefficients (log K ow ) less than 5 (U.S. Environmental Protection Agency, 2011b), which indicates their affinity for the dissolved phase. Contaminants with log K ow in this range will not readily adsorb to sediments in the aquifer or other filtering materials in the transport process. Atrazine concentrations were lower in finishedwater samples than in the source-water samples, although the concentration trends were similar ( fig. 9 ). For the six sampling dates when groundwater was the only source water used (no blending with surface water; all groundwater samples except June 9, 2010), groundwater and finished-water concentrations of atrazine were similar ( fig. 9 ). The samples collected for this study were not designed to assess the efficacy of the water treatment for removing herbicides, but demonstrate the potential for certain herbicides to persist throughout the treatment process.
Upstream wastewater discharges contributed a fairly small percentage of the flow to the Big Sioux River near Sioux Falls (usually less than 3 percent during the summer months), but several AOCs associated with wastewater were frequently detected. The large distance between major wastewater discharges and the sampling sites (Watertown and Brookings are about 176 and 76 river miles upstream from Sioux Falls, respectively) allows for substantial removal of these compounds by degradation and settling of particulate-bound contaminants, but bed sediments in the Big Sioux River also can be a source of AOCs (Sando and others, 2006) . Carbamazapine (pharmaceutical) and sulfamethoxazole (antibiotic) were detected in more than one-half of the Big Sioux River samples but were detected at lower frequencies in groundwater and not detected in finished water (table 3) . Three sterol compounds usually associated with wastewater discharges or manure runoff (cholesterol, beta-sitosterol, and 3-beta-coprostanol) had greater detection frequencies in the Big Sioux River samples (100, 57, and 13 percent, respectively) than in groundwater samples (14, 14, and 0 percent, respectively) and finished-water samples (9, 0, and 0 percent, respectively; table 3 and appendix 4). Beta-sitosterol (a plant sterol) also occurs in natural waters and sediments through the breakdown of native vegetation, and can be associated with nonpoint runoff as well as wastewater discharges. The compound 3-betacoprostanol is a carnivore fecal sterol. The direct pathway to surface water explains the frequent occurrence of these (Hansch and others, 1995) , which may help explain the similar occurrence at all three sites. Sorption to aquifer materials is just one removal mechanism, and other environmental processes (such as volatilization or biological degradation) also will have a substantial effect on the fate and transport of organic compounds. The measurements of isotopic ratios provide qualitative information regarding the nitrogen sources in the water supply (Cravotta, 2002) , because the proportions of multiple nitrogen sources could not be sufficiently estimated using a single sampling location at the terminal point of the source water. The literature-reported range for δ 15 N values between 7-10 ‰, indicating a greater proportion of soil organic material or inorganic sources. The varying isotopic composition of nitrogen and oxygen in nitrate in groundwater samples ( fig. 7) is not only an effect of changing hydrologic conditions and seasonality, but also could be explained by the blending of groundwater from wells and collection galleries in several aquifers (fig. 4) . For example, groundwater from a collection gallery near the Big Sioux River would likely have a much different isotopic signature than a well farther away from surface-water influence.
Source water sampled for this study was a mix of various water supplies within the Big Sioux River Basin that have undergone numerous chemical and biological transformations before reaching the sampling location. These processes (including volatilization, hydrolysis, assimilation, mineralization, nitrification, and denitrification) affect the isotopic signatures of nitrogen and oxygen in nitrate. Volatilization of urea or ammonia nitrogen, the typical form of nitrogen fertilizer in most agricultural areas, leaves the soil relatively enriched in 15 N (Böhlke, 2002) . Nitrogen transformations in the soil further fractionate the isotopes of nitrogen and oxygen compounds and obscure the source signatures (Böhlke, 2003) . Nitrification is the transformation of organic nitrogen, from manure or wastewater effluent, into nitrite and subsequently nitrate in an aerobic environment. Nitrogen that enters the aquatic environment in the form of nitrate (such as fertilizers) can denitrify into nitrite, nitric oxide, nitrous oxide, and eventually nitrogen gas (N 2 ) in an anaerobic environment. The denitrification process preferentially uses the lower δ 15 N nitrate (from fertilizers), enriching the higher δ 15 N nitrate (from wastewater and manure) in the remaining nitrate. Previous studies (McMahon and Böhlke, 2006; Böhlke, 2003) used a dissolved oxygen concentration of 2 mg/L as the maximum concentration for denitrification to occur. Dissolved oxygen concentrations in the Big Sioux River and groundwater samples were between 5 and 13 mg/L, thus denitrification was not likely, but cannot be adequately assessed without knowledge of oxic conditions throughout the basin. Denitrification could be quantified with analysis of dissolved gases (such as N 2 ) in the saturated zone (Böhlke, 2002) , but dissolved gases were not sampled in this study.
Using the assumption that denitrification was not substantial, fertilizers and other inorganic sources probably are not the dominant source of nitrate in the source water because none of the δ 15 N values from either surface water or groundwater was less than 7 ‰. Samples with high concentrations of dissolved oxygen, absence of N 2 gas, and constant values of δ fig. 7) , so various transformation processes likely caused an enrichment of 15 N in the source water. The interpretation of all potential sources of nitrogen cannot be accomplished by use of nitrogen and oxygen isotopes in nitrate alone, but provides a qualitative indication that very little nitrate originates from excess fertilizer runoff, and most nitrate originates from municipal wastewater effluent, manure runoff (either from field application or feeding operations), or fertilizers mineralized by processes in the soil.
Summary and Conclusions
Anthropogenic organic compounds (AOCs) in drinkingwater sources commonly are derived from municipal, agricultural, and industrial wastewater sources, and are a concern for water-supply managers. Although some of the most commonly used and toxic AOCs are regulated, most are unregulated and human-health effects from many AOCs are uncertain. The city of Sioux Falls, S. Dak., identified a need to investigate potential contaminant origins, including AOCs, when peak nitrate concentrations occur in source water. A cooperative study between the city of Sioux Falls and the U.S. Geological Survey (USGS) was initiated in 2009 to (1) characterize the occurrence of anthropogenic organic compounds in source waters (groundwater and surface water) to water supplies in the Sioux Falls area, (2) determine if the compounds found in the source waters also are present in the finished water, and (3) identify probable sources of nitrate in the Big Sioux River Basin and determine if sources change seasonally or under different hydrologic conditions. This report presents analytical results of water-quality samples collected from source water (groundwater blended from multiple wells and collection galleries and surface water from the Big Sioux River) and finished water in the Sioux Falls area. Extensive agricultural activities occur in the Big Sioux River Basin, and the largest cities in the basin have developed along the Big Sioux River, contributing urban runoff and wastewater effluent discharges to the river. Outwash deposits along the Big Sioux River and its tributaries underlie much of the Big Sioux River Basin, composing the glacial aquifers that serve as the primary source to water supplies in the Sioux Falls area. These aquifers have areas where they are hydraulically connected to the Big Sioux River, and can be sensitive to infiltration of surface contaminants. The city of Sioux Falls currently (2011) uses groundwater as its primary water source year-round, and supplements the supply with surface water from the Big Sioux River only during periods of increased demand (typically in the summer months).
The study approach included the collection of source-and finished-water samples for the analyses of AOCs, nutrients, and nitrogen and oxygen isotopes in nitrate. Two source-water sites and one finished-water site were sampled during this study. The two source-water sites were the Big Sioux River at an intake location and blended groundwater from multiple wells and collection galleries. Finished water was collected from a flowing water line following water treatment but prior to distribution. Water-quality constituents monitored in this study were chosen to represent a variety of the contaminants known or suspected to occur within the Big Sioux River Basin, including pesticides, pharmaceuticals, sterol compounds, household and industrial products, polycyclic aromatic hydrocarbons, antibiotics, and hormones. A total of 184 AOCs were monitored, of which 40 compounds had relevant U.S. Environmental Protection Agency Maximum Contaminant Levels (MCLs) or USGS Health-Based Screening Levels (HBSLs). The nutrients nitrate, nitrite, ammonia, and orthophosphorus, along with the ratios of the stable isotopes of nitrogen and oxygen in nitrate (δ 15 N and δ 18 O), also were analyzed to assess the types of contaminants present in the water supplies in the Sioux Falls area.
Of the 184 AOCs analyzed, 45 compounds (24 percent) were detected in at least one sample of source or finished water, and 13 compounds were detected in at least 20 percent of all samples. Concentrations of detected AOCs were all less than 1 microgram per liter (µg/L), except for concentrations of cholesterol and beta-sitosterol in the Big Sioux River and one detection of bis-(2-ethylhexyl) phthalate in finished water. Concentrations of AOCs were less than 0.1 µg/L in more than 75 percent of the detections. Five compounds (atrazine, cholesterol, deethylatrazine, metolachlor, and prometon) were detected in every sample of source water from the Big Sioux River. The same four herbicides or degradates detected in all Big Sioux River samples also were detected in all groundwater samples. The disinfection byproduct bromoform was detected in every sample of finished water, along with the herbicides atrazine and prometon. Nutrient concentrations varied seasonally in the Big Sioux River and groundwater. In the Big Sioux River, nitrite plus nitrate concentrations typically were less than 1 Eight of the AOCs detected have a human-health benchmark (MCL or HBSL) that could be used to evaluate the concentrations in a human-health context. Four compounds had maximum concentrations within an order of magnitude of the benchmark, indicating that additional monitoring of the compound may be warranted. Three herbicides (atrazine, metolachlor, and prometon) and one degradate (deethylatrazine) were detected in finished-water samples as frequently as in source-water samples. The concentrations of herbicides in source water can vary by an order of magnitude from the period of peak application (early summer) to the winter months. Atrazine, metolachlor, and prometon can be highly mobile in sandy soils and aquifers. These herbicides (along with acetochlor) have log octanol-water partitioning coefficients (log K ow ) less than 5, which indicates their affinity for the dissolved phase. Contaminants with log K ow in this range will not readily adsorb to sediments in the aquifer or other filtering materials in the transport process. Groundwater and finished-water concentrations of atrazine were similar for the six sampling dates when groundwater was the only source water used. Upstream wastewater discharges contributed a fairly small percentage of the flow to the Big Sioux River near Sioux Falls, but several AOCs associated with wastewater were frequently detected. The direct pathway to surface water explains the frequent occurrence of carbamazapine, sulfamethoxazole, cholesterol, beta-sitosterol, and 3-betacoprostanol in the Big Sioux River compared to groundwater and subsequently finished water. In addition, three of these compounds have log K ow values greater than 8.0 and are more susceptible to natural filtering in groundwater movement.
Most (82 percent) of the δ
15
N values in the source-water samples were greater than 10 per mil, and none of the δ 15 N values from either surface water or groundwater was less than 7 per mil, indicating biological sources as the predominant component of nitrogen in the nitrate of the source water. The varying isotopic composition of nitrogen and oxygen in nitrate in groundwater samples is not only an effect of changing hydrologic conditions and seasonality, but also could be explained by the blending of groundwater from wells and collection galleries producing from several aquifers. Sourcewater samples were a mix of various water supplies within the Big Sioux River Basin that have undergone numerous chemical and biological transformations before reaching the sampling location, and varying δ
18
O values support the conclusion that these processes likely caused an enrichment of 15 N in the source water. The interpretation of all potential sources of nitrogen cannot be accomplished by use of nitrogen and oxygen isotopes in nitrate alone, but provides a qualitative indication that very little nitrate originates from excess fertilizer runoff, and most nitrate originates from municipal wastewater effluent, manure runoff (either from field application or feeding operations), or fertilizers mineralized by processes in the soil. 
Appendix 2. Detailed Description of Method for Analysis of Hormones
A research method (analytical method 5) under development at the U.S. Geological Survey (USGS) National Water Quality Laboratory (NWQL) was used to analyze for 16 steroid hormones plus four other compounds, with an expanded method description provided herein (James Gray, Rhiannon ReVello, and William Foreman, National Water Quality Laboratory, written commun., 2011). Field samples for this method were collected using USGS protocols for organic contaminants, except that the samples were contained in 0.5-liter high-density polyethylene (HDPE) bottles. Samples not processed within 3 days at the NWQL were held frozen at no more than -5 degrees Celsius (°C) until the day preceding extraction when allowed to thaw at room temperature.
At the NWQL, samples were fortified with 50 milligrams of sodium chloride and isotopically labeled compounds that were used as isotope dilution standards (IDSs; see table 5). The sample was poured into a stainless-steel extraction tube fitted with a multigrade glass-fiber filter (GFF) positioned over a reverse phase octyldecyl surface-modified-silica embedded glass-fiber filter disk (C 18 disk). The sample was passed through the combined GFF/C 18 disk under pressure, as needed. Following compound isolation, the GFF/C 18 disk was rinsed with 10 milliliters (mL) of 25-percent methanol in reagent water to remove polar compounds that interfere with gas-chromatography, tandem-quadrupole, mass-spectrometry analysis. Nitrogen gas was passed through the GFF/C 18 disk to remove residual water, and the method compounds were eluted with two 20-mL additions of methanol. The eluent was evaporated to dryness at 25ºC with nitrogen gas and reconstituted in 2 mL of a 5-percent methanol in dichloromethane solution and allowed to sit for at least 30 minutes. The extract was passed through a 1-gram Florisil solid-phase extraction column and eluted with an additional 22 mL of 5-percent methanol/dichloromethane. The eluent was reduced in volume to about 1 mL with nitrogen gas, quantitatively transferred to a 5-mL reaction vial with 5-percent methanol/dichloromethane rinses, and evaporated to dryness. Processing of multi-level calibration standards contained in reaction vials was included beginning at this evaporation step. Ketone and alcohol groups on the analytes and IDSs were derivatized to trimethylsilyl or trimethylsilyl-enol ether analogs to increase compound volatility and minimize compound interactions with active sites in the gas-chromatography system. Derivation was accomplished by adding 200 microliters of N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) activated with 2-(trimethylsilyl) ethanethiol and ammonium iodide, and heating the MSTFA solution to 65°C for 1 hour. The solution also contains cholestane-d 6 and chrysene-d 12 as injection internal standards.
The extract was transferred to a gas-chromatography vial, and the analytes were separated by gas chromatography and detected by tandem quadrupole mass spectrometry using a Quattro-micro-GC (Waters Corp., Milford, Mass.). Compounds were separated by using a 30-meter long by 0.25-millimeter internal diameter Rxi XLB GC column with 0.25-micrometer film thickness (Restek Corp., Bellefonte, Pa.) and a multiple ramp temperature program. Analytes were detected by tandem-quadrupole mass spectrometry by monitoring the product ions of three specific precursor-to-product ion transitions. Positive analyte identification requires the presence of at least two unique transition product ions, with ion ratios not deviating from those in a standard by more than specified tolerances (Antignac and others, 2003) .
Six of the original 13 IDS compounds-4-androstene-3,17-dione-d 7 ; dihydrotestosterone-d 4 ; estrone-d 4 ; norethindrone-d 6 ; testosterone-d 5 ; and progesterone-d 9 -were found to be susceptible to deuterium-hydrogen exchange under nonroutine sample-preparation conditions (water bath temperatures above ambient temperature of 25°C) or prolonged IDS standard storage periods (months) in methanol (Foreman and others, 2010) . Loss of deuterium results in an underestimate of the IDS total mass in the sample extract and, thus, an underestimate of IDS absolute recovery, which produces a positive bias in the determined analyte concentration. Consequently, these six deuterium-labeled IDSs were removed from the method and were not used for samples collected after November 4, 2009. Reported concentrations of analytes normally determined using these six IDS were censored to the reporting level or a raised reporting level, if needed, or were quantified relative to 17-alpha-ethynylestradiol-d 4 to eliminate risk of positive bias in analyte concentration for those samples collected through November 4, 2009, when deuterium loss was evident or suspected.
Samples collected after November 4, 2009, were fortified with the 10 deuterium or carbon-13 ( 13 C) labeled IDSs shown in table 5, five of which were unchanged from those used previously. Replacement IDSs contained either carbon-13 or were non-direct analogs of the analytes that have deuterium labels in positions not adjacent to a ketone group and, thus, are not susceptible to deuterium-loss. In addition, 17-beta-estradiol-
13
C 6 replaced 17-beta-estradiol-d 4 and 16-epiestriol-d 2 replaced estriol-d 3 to further minimize risk of IDS interference with the analyte's parent ion at concentrations near the instrumental detection level of the gas chromatography/tandem mass spectrometry. Six of the 10 IDS compounds were exact isotopic analogs of method analytes. The remaining 14 method analytes also were quantified using isotope dilution by using 1 of the other 4 IDSs that have similar related chemical functionality but are not a direct isotopic analog of the analyte.
All 20 method analytes were quantified relative to a specific IDS compound by using an isotope-dilution quantification procedure that automatically corrects for procedural losses in the reported analyte concentration on the basis of the absolute method recovery of the IDS. For samples collected through November 4, 2009, 13 deuterium-labeled IDS compounds were used that were exact isotopic analogs of method analytes (table 5). The remaining seven method analytes in these samples were quantified relative to one of the IDS compounds that has similar chemical functionality but is not a direct isotopic analog of the analyte (table 5) . Table 5 . Analyte and the corresponding isotope dilution standard (IDS) used for its quantification.
[The six analytes with direct IDS analogs that were susceptible to deuterium loss (D-loss) are shown in bold italics. Four analytes quantified with non-direct IDS analogs susceptible to D-loss are shown in bold. Six IDSs that contain ketone functional groups (keto-IDSs) that can undergo deuterium loss (D-loss) are shown in bold. USGS, U.S. Geological Survey; CASRN, Chemical Abstracts Service Registry Number; ng/L, nanograms per liter]
